Each year a significant proportion of global food production is lost to pests and diseases, with concerted efforts by government and industry focussed on application of effective biosecurity policies which attempt to minimise their emergence and spread. In aquaculture the volume of seaweeds produced is second only to farmed fish and red algal carrageenophytes currently represent approximately 42% of global production of all seaweeds. Despite this importance, expansion of the seaweed sector is increasingly limited by the high prevalence of recalcitrant diseases and epiphytic pests with potential to emerge and with the demonstrated propensity to spread, particularly in the absence of effective national and international biosecurity policies. Developing biosecurity policy and legislation to manage biosecurity risk in seaweed aquaculture is urgently required to limit these impacts. To understand current international biosecurity frameworks and their efficacy, existing legislative frameworks were analysed quantitatively for the content of biosecurity measures, applicability to the seaweed industry, and inclusion of risks posed by diseases, pests and non-native species. Deficiencies in existing frameworks included the following: inconsistent terminology for inclusion of cultivated seaweeds, unclear designation of implementation responsibility, insufficient evidence-based information and limited alignment of biosecurity hazards and risks. Given the global importance of the cultivation of various seaweeds in alleviating poverty in low and middle income countries, it is crucial that the relatively low-unit value of the industry (i.e. as compared with other aquatic animal sectors) should not conflate with a perceived low risk of disease or pest transfer, nor the subsequent economic and environmental impact that disease transfer may impact on receiving nations (well beyond their seaweed operations). Developing a clear basis for development of robust international biosecurity policies related to the trade in seaweeds arising from the global aquaculture industry, by first addressing the gaps highlighted in this study, will be crucial in limiting impacts of pests and diseases on this valuable industry and on natural capital in locations where seaweeds are farmed.
Introduction
With a growing population, the world has been experiencing an era of rapid expansion in food production and, according to the World Resource Institute (WRI), must continue to increase this production to meet the demands (Hunter et al. 2017) . Rapid expansion in any food production sector leads to a tipping point which can limit production. In crop production, this is often signified by outbreaks of infectious disease (Anderson et al. 2004) or pests (Oerke 2006) . Each year, 20-40% of (terrestrial) global crop production is lost to disease and pests (Savary et al. 2012) . As the human diet predominantly comprises terrestrial plants (80%) (FAO & IPPC 2017) , the rise of disease and pest outbreaks in this sector is a significant concern regarding food security. The aquaculture sector is no exception, and many industries have become limited in their production by diseases and pests, which for aquatic animals equates to losses of at least 6 billion US$ per annum (Stentiford et al. 2017) . For example, the cost of control measures for sea lice pests alone, in salmon production, can equate to farm revenue losses of 9% (Abolofia and Wilen 2017) and losses in shrimp production to diseases can exceed 40% of global capacity (Stentiford et al. 2017) .
In comparison with the relatively high trading value of aquatic animals and their products, seaweeds are some of the lowest unit-value aquaculture commodities. Despite this, a variety of seaweeds have been cultivated intensively over the past 50 years and have risen to become the second largest aquaculture product in terms of volume, second only to total fish production (FAO 2018) . Of all the seaweed species produced globally, those contributing the highest volume in 2016 were red algal species (FAO 2018) . A combination of two red algal genera, i.e. Eucheuma sp. and Kappaphycus spp.-also known as eucheumatoids and carrageenophytes-make up approximately 42% of global seaweed production (FAO 2018) . This group of algae is typically produced and processed for the high-value compound carrageenan, which is used in food, drink and pharmaceutical industries globally. Cultivation of these carrageenophytes originated in the Philippines, but global production requirements are now largely supplied by four countries: the Philippines, Indonesia, Malaysia and the United Republic of Tanzania. Together, these countries produced 44.5% of the worlds' carrageenophytes (FAO 2018) . As with most intensively cultivated systems, the annual growth rate of the global seaweed aquaculture sector is now slowing. A number of factors have contributed to this decline in growth (Cottier-Cook et al. 2016) , including climate change (Kim et al. 2017 ), a reduction in genetic diversity of cultivated crops (Loureiro et al. 2015) , and low and fluctuating market prices (Valderrama et al. 2015) . It is often the case that the combined outcome of these factors is an increased susceptibility to crop infestation with pests and infections which cause disease, as observed in other major aquacultural industries (Bondad-Reantaso et al. 2005; Stentiford et al. 2017) .
Coordinating the management of biosecurity in traded commodities is integral to limiting the challenges created by disease and pest outbreaks in globally traded crops. In the three top producing countries for red algae, i.e. Indonesia, the Philippines and the United Republic of Tanzania, the current major limitations to national production are the impacts of diseases and outbreaks of epiphytic algal pests (Vairappan et al. 2008) . The scale of these biosecurity impacts, however, has not yet been quantified, and information currently relies on a small number of reports and preliminary studies (Critchley et al. 2004; Hurtado et al. 2006; Vairappan et al. 2008) . In order to prevent and limit further spread of diseases and pests, biosecurity measures must be enacted by organisations at different scales within the production system (from farm to national government) (FAO 2007; Bondad-Reantaso et al. 2018) . Since the rapid growth of production of various seaweeds, particularly in developing countries, has been facilitated by the globalization of trade, a greater need for effective biosecurity measures and exercise of the precautionary principle has been recommended for sustaining the global seaweed industry (Cottier-Cook et al. 2016) .
The aim of this study is to present a comparative analysis of biosecurity policies relevant to the carrageenan industry at international, regional and national scales, for application in major carrageenan-producing countries. The scope of the policies has been limited to those that include the cultivation of carrageenophytes and those which cover all aspects of biosecurity management. Using a defined list of biosecurity components, systematic identification of similarities, differences and deficiencies in biosecurity policies for the carrageenophyte industry (compared with other aquaculture sectors), we highlight numerous points of failure within existing policy frameworks aimed to limit the impact of diseases and pest outbreaks. This is the first comprehensive analysis of international and regional management of biosecurity, as applied to the seaweed aquaculture industry, and provides the first step towards the design of improved international policies to support sustainable production.
Materials and methods

Selection of biosecurity frameworks
The term 'biosecurity' can have variable interpretations; however, in this review, we refer to the interpretation of the FAO as described in the 'Biosecurity Toolkit' (2007), where biosecurity encompasses food safety, zoonosis, the introduction of diseases and pests, the introduction and release of Living Modified Organisms (LMO's are a result of biotechnology), and the introduction and management of invasive alien species. Policy 'frameworks' were defined as any documented agreements, declarations, guidelines and policy plans, which related to international biosecurity measures. The selection of specific frameworks was dependant on their applicability to biosecurity management and/or guidance relative to seaweed production. For international agreements, selection was based upon having priority over policy at all scales, and regional frameworks were selected where they played a role in aquaculture production across multiple nations, and specifically included one, or more, of the top four carrageenan producing countries. All selected frameworks are published and publicly available documents or texts of agreements.
Analysis of biosecurity themes
Once frameworks were identified, comparative analysis was carried out using categorised themes adapted from those developed by Dahlstrom et al. (2011) . Themes and their categories are described in Online Resource 1 and include the force of the framework, the level of seaweed specificity in the text, the biosecurity approach, the type of information used to produce or implement the framework and the use of precaution in its text.
Analysis of risks included in biosecurity frameworks
A list of risks (consequences of a hazardous disease or pest) was compiled by modifying those used in Dahlstrom et al. (2011) , including specific risks in seaweed cultivation systems, and removing those that were not relevant to seaweed cultivation. These risks were then grouped into five main categories: ecological, environmental, economic, social and cultural, and risk posed to farm staff.
Results
Identification of international and regional biosecurity frameworks
Frameworks were identified that were relevant to the top four carrageenan-producing countries. These included the following: World Trade Organization (WTO) and its standard setting bodies, i.e. World Organisation for Animal Health (OIE) for animal biosecurity, the Food and Agriculture Organisation (FAO), International Plant Protection Convention (IPPC) for plant biosecurity and the Convention on Biological Diversity (CBD). Regional frameworks identified were the Network for Aquaculture Centres in Asia (NACA), the Asia Pacific Economic Cooperation (APEC) and the African Union's Inter-African Bureaux for Animal Resources (AU-IBAR). The specific documents used in analysis are listed in Table 1 .
Given the international and regional scales of the 'frameworks' and the range of components that can be included under the term 'biosecurity', a complex relationship was found to exist between each of them ( Fig. 1) . International trade agreements set by the WTO were found to form the basis for implementing biosecurity measures on this scale-the specific framework for this is the Sanitary and Phytosanitary Agreement (SPS agreement) (WTO 2018). The WTO has two standard-setting bodies responsible for providing the outline for complying with these standards: the OIE, who set the animal health standard, which includes aquatic animals (OIE 2017); and the IPPC, who set standards for plant health, which includes 'aquatic plants for planting'. In 2014 the IPPC formally included 'aquatic plants' (which includes seaweeds) in their International Sanitary and Phytosanitary Measures (ISPMs) (IPPC 2017a). In addition, the ISPMs include a pest risk analysis tool which is conceivably the most specific framework which can be applied to the seaweed trade on an international scale. The ISPMs are complemented by two other frameworks, the Convention on Biological Diversity (CBD) protocols (Secretariat of the Convention on Biological Diversity 2000, 2011) and the Codex Alimentarius Commission for food safety (CAC) (WHO 2016). The CBD and CAC protocols have a different biosecurity focus, specifically aiming to manage the genetic sharing of resources and food safety, respectively. Together, the ISPMs, the CBD protocols and the CAC food safety standards complete the international biosecurity landscape for potential application to seaweed aquaculture.
Although international frameworks require ratified nations to implement their biosecurity measures under national legislation, regional frameworks can offer a key link between international frameworks and national implementation, by providing support in vertically integrating the measures with more accurate knowledge of the national context within the regional group. The regional organizations, which are assisting in such vertical integration, include the following: NACA, ASEAN and APEC for the south-east Asia region, and AU-IBAR in Africa; each of which provides policy strategies and guidelines for implementation of the international frameworks on a more specific regional scale (NACA 2000; APEC 2012a APEC , b, 2014a AUC & NEPAD 2014; AU-IBAR 2015 , 2016 ASEAN 2015a, b) .
Thematic analysis of biosecurity frameworks
The majority of international and regional biosecurity frameworks (57%) do not require compliance, and all others (43%) require compliance when ratified by a nation state (Fig. 2 ). In the case of the regional framework set out by NACA (Technical Guidelines for Health Management for the Responsible Movement of Live Aquatic Animals), there is no form of compliance required, although the text makes reference to complying with SPMs of the WTO which are ratified.
In terms of using seaweed specific terminology in the frameworks assessed, seaweeds can be referred to as 'Aquatic plants' or 'Algae' or 'Macroalgae' or 'Marine plants' or 'Seaweeds'. Only the IPCC framework, however, specifically mentions 'aquatic plants'. Following this, the most relevant inclusion of seaweeds was made under the general term 'aquaculture' in 29% of the frameworks assessed, with the majority of biosecurity measures being tailored to aquatic animal production and trade. Although the selected frameworks were chosen as they were relevant to seaweed aquaculture, many only included seaweed under the general umbrella term of 'food security', and predominantly focused on maintaining adequate food production for human consumption rather than being directed at disease and pest management per se.
A variety of biosecurity approaches were identified within the text of the frameworks including response and recovery planning, detection (including monitoring), prevention, incentives and penalties. A total of 15 different approaches were identified in the frameworks, with a number including more than one approach. Other frameworks, however, did not outline a specific approach, but instead included terms relating to the general management of biosecurity risks. For example, in the regional APEC declaration, both detection and response and recovery planning measures were mentioned. The most comprehensive frameworks were the ISPMs of IPPC, which included detection, prevention, response and recovery planning, and the aquatic animal health code of the OIE, which included detection and protection. All other frameworks were based on a single approach, which was predominantly (53%) based on prevention of the disease, pest or non-native. Those frameworks that did not include a categorised approach were the regional framework in Asia, the AIFS 'SPA-FS', and the regional framework in Africa, the AU-IBAR 'PRFS'.
The main source of information for 37% of the frameworks assessed was through industry stakeholders. This information was typically gathered by holding workshops where the texts or agreements were written and agreed upon. Other major identifiable information sources were scientific literature and expert opinion, used in 32% and 21% of the Finally, the use of precaution in biosecurity measures was only explicitly mentioned in 23% of the frameworks: the OIE, the Cartagena protocol and AU-IBAR PFRS. The frameworks which included precautionary measures, but did not use the term explicitly, were the WTO SPS agreement, the IPPC and the AU-IBAR 10-year aquaculture plan. In 54% of the frameworks the use of precaution was not mentioned.
Biosecurity risks
Each framework was assessed for its inclusion of biosecurity risks (consequences of a hazardous disease or pest) (detailed in Online Resource 2) and is presented in Fig. 3 where the proportion of their inclusion across the different frameworks is represented. The shaded area in Fig. 3 shows the disproportionate and low coverage of multiple risks in the frameworks (particularly in Fig. 3b ). In terms of ecological risk in the biosecurity frameworks, the most commonly used were those that led to the most direct impact: pests and/or pathogens themselves, their vectors, decreases in native species abundance and the introduction of new hosts. These risks were all included in more than 60% of the frameworks. More limited in inclusion were the less direct ecological risks, which were included in approximately 20% of frameworks. These included the following: habitat loss or change, decrease in threatened or endangered species and toxicity herbivory or competition from introduced species, pests and/or diseases.
In the environmental risk category, only 20% of the frameworks included any mention of these risks, with only hydrological and food web changes, and the impact of control measures on the wider environment incorporated in the text. Those Of the 18 risks in the socio-economic category, production of crop, trade losses, control and management costs, trade losses and trade restrictions were all included in more than 40% of the frameworks. Impacts on infrastructure, adverse reactions from buyers, impacts on capture fisheries, costs of replanting, impacts on ecosystem services and impacts on food safety were only included in 20-40% of the frameworks. Finally, the socio-economic risks that were included in less than 20% of frameworks were impacts on tourism, shipping, other aquaculture sectors and the health care costs for impacted farm staff. An assessment of the overall inclusion of all risks in each framework is presented in Fig. 4 . This figure shows that the IPPC and OIE frameworks have the highest proportion of included risks, including approximately 80% and 60% of risks respectively in comparison with the remaining frameworks which include < 40% of risks. The second most comprehensive framework is the NACA technical guidelines for aquatic animal health, which included 36% of the risks. The WTO SPS agreement, the Nagoya protocol, the Cartagena protocol, the ASEAN GAqP, AU-IBAR PFRS and the AU-IBAR 10-year aquaculture plan all included less than 20% of the risks.
Discussion
The global trade in various seaweeds is being significantly hampered by disease and pest outbreaks. Further, there are no dedicated biosecurity frameworks which specifically consider the potential for trans-boundary movement of seaweed diseases and pests during the trading of seaweeds and their products. This analysis has revealed the similarities, gaps and deficiencies of international and regional biosecurity frameworks related to the top carrageenan-producing countries. Four main challenges to the current biosecurity system have been identified for the carrageenophyte industry: inconsistent terminology for the inclusion of cultivated seaweeds, limited guidance for designating responsibility for the implementation of framework measures, insufficient evidence to develop disease-and pest-specific policies, and limited alignment of biosecurity risks between policies.
Inconsistent terminology for the inclusion of cultivated seaweeds
Of all the identified international biosecurity frameworks, only the International Plant Protection Convention (IPPC) makes reference to 'aquatic plants', defining them as 'Any plant that grows partly or wholly in water, and can be rooted in sediment or free floating on the water surface' indicating that seaweeds are included under this term (IPPC 2012). Prior to 2012, it was unclear whether seaweeds would fall under the trading sanitary standards of the World Organization for Animal Health (OIE), as the aquatic animal health standard holders, or the IPPC, the plant standard holders. The allocation of seaweeds (macroalgae) to either the plant or animal group is problematic given that algae can be allocated to different kingdoms: Plantae (red and green algae) and Chromista (brown algae), and this is reflected in the commercial naming of seaweed crops (Bolton 2019) . As the phylogeny of algae continues to be shaped by advances in molecular biology (Pereira and Neto 2014) , the allocation of 'seaweeds' to legislation by different s t a n d a r d s e t t i n g b o d i e s i s a l s o u n c e r t a i n . T h e carrageenophytes are currently allocated to the kingdom Plantae (Moreira et al. 2000) , but genetic interpretation is ongoing. The IPPC scoping study, however (IPPC 2017a), recommended that cultivated 'aquatic plants' should be included in their sanitary standards to 'ensure that aquatic plants, as potential pests and pathways, become subject to, or included in, pest risk analysis whenever relevant, in particular in cases where aquatic plants are intentionally imported for intended uses as plants for planting, e.g. in aquaculture or other aquatic habitats.' (IPPC 2017a). Current regulation of international biosecurity through the SPS agreement though is clearly divided between two systems related to plants (IPPC) or animals (OIE). The definition of 'aquatic plants' implies that the regulation of seaweeds is now under the International Sanitary and Phytosanitary Measures (ISPMs) of the IPPC, but definitive inclusion of all red, brown and green seaweeds (macroalgae) remains unclear. In addition, the risks and uses of important seaweed species are described in the most recent IPPC report on aquatic plants. This report includes species of economic importance, and although it includes 16 seaweed species, no carrageenophyte species are listed, despite equating to 45% of the global production of seaweed. We recommend here that the IPPC makes explicit reference to seaweeds, of specific taxonomy, in future iterations of their regulations. The inclusion of red, green and brown seaweeds into the terminology of IPPC regulations initiates the means by which the most highly traded taxa (e.g. Eucheuma sp. and Kappaphycus spp.) are included in biosecurity legislation focussed on trade of the most common commodities.
Another option to improve the inclusion and consistency of the terminology of seaweeds in policies would be through a concerted effort at international and regional scales to harmonise the current language of seaweed cultivation (e.g. 'aquatic plants' vs. 'algae' vs. 'seaweeds' vs. 'macroalgae'), a problem which is also observed in the use of terminology for general biosecurity in the aquatic environment (Dahlstrom et al. 2011) , invasive species in aquaculture (Hill 2008) and even in specific biosecurity measures of the shrimp industry (Alday-sanz et al. 2018) . Another option is for the governing organisations of international biosecurity policies to either update or create new texts which include seaweed specific terminology and to set the standard for its inclusion in future regional and national frameworks. The misalignment of biosecurity language is also reflected in the separation between definitions in the animal and plant standards of OIE and IPPC, where the OIE defines 'disease' as all pests or pathogens, and the IPPC defines all 'pests' as any pathogenic agent. The ongoing issue of inter-changeable language within the subject of biosecurity (Dahlstrom et al. 2011 ) will be a challenge to the integration of both seaweed cultivation and biosecurity in international policy.
Limited guidance for designating responsibility for the implementation of framework measures
Without recognition by international organisations who influence the management of the aquaculture industry, the lack of designation of seaweeds to biosecurity frameworks remains unnoticed. Almost all frameworks included seaweed cultivation under the umbrella of general aquaculture, which is of course, a diverse industry. However, frameworks are often tailored to aquatic animal health biosecurity measures which are already internationally regulated through the OIE's longstanding focus on aquatic animal production sectors (fish, molluscs, crustaceans, amphibians) (OIE 2017). The low level of recognition of the seaweed industry in international aquaculture policy is reflected in the level of global reporting by FAO. The latest 'State of the World's Fisheries and Aquaculture' 'SOFIA' report (FAO 2018) provided a summary of the tonnage of aquaculture and capture fisheries production from 1950 to 2015, and yet the tonnage representing global aquaculture excluded any seaweeds or aquatic plants, even though the sector is second only to fin-fish in terms of volume. Although political interest in aquaculture is largely economically driven, as opposed to volumes, more should be done to acknowledge that poor biosecurity in the seaweed industry can impact the trading ability of a country. If the international policy profile of the seaweed industry remains low, then assigning responsibility of the sanitary and phytosanitary to the IPPC, their regional organisations, down to the national authority who should be implementing the measures could continue to appear as a low priority.
Only half of the frameworks identified were binding, mostly through ratification of the text by a member nation, and there was no framework which included any penalties in their approach to implementation. Most of the responsibility for implementation is passed down to national authorities. However, given the lack of clarity on the inclusion of seaweeds in almost all of the frameworks, it is unclear which national authority is responsible for the implementation of the biosecurity measures. As with other sectors in aquaculture, implementation of biosecurity measures is regulated by the national competent authorities which are often those government departments with responsibility for fisheries and/or aquaculture (e.g. Bureau of Fisheries and Aquaculture Resources-BFAR in the Philippines (Jonalyn P. Mateo (pers. comm.) 26/11/2019) and Ministry of Marine Affairs and Fisheries-MMAF in Indonesia (Cicilia S. B. Kambey (pers. comm.) 26/11/2019). Such departments typically regulate the international movement of live aquatic animals using the import risk analysis (IRA) tool of the OIE. Given the widespread occurrence of pests and diseases observed internationally in seaweed aquaculture (Watkiss et al. 2012; Hurtado et al. 2017; Quiaoit et al. 2018) , and that seaweed crops have been transplanted internationally to establish new cultivation sites (Loureiro et al. 2015; Hurtado et al. 2017 ) under the IPPC framework, Pest Risk Assessments (PRA) for the carrageenophyte industry should be initiated by the National Plant Protection Organisation (NPPO) in each producing country (IPPC 2017b), but to date have not been reported (IPPC 2019) . Cultivation of seaweeds in most countries is regulated by aquaculture or fishery authorities, and the NPPO is often concerned solely with terrestrial agriculture. A conflict therefore arises, over which authority has the capacity to regulate and has the responsibility to implement the IPPC PRA measures under the framework. The challenge for many seaweed producing countries will be to connect these departments, to allow for active communication and sharing of expertise. Similarly, it will become increasingly important for those nations wishing to trade seaweed products with one another that such equivalent measures are taken. Even after strengthening these lines of communication, a national competent authority can implement SPS measures for 'plants for planting' using various approaches (Eschen et al. 2015) , and could be designed to be suitable for application in the aquatic environment.
Regional guidelines of the ASEAN region, where selected seaweeds are significantly important commodities, only make reference to the international guidelines of OIE for specific biosecurity measures (ASEAN 2015a, b) , predominantly focussing on aquatic animal health or terrestrial crops (i.e. rice and maize). As a result, the recommendations do not align with cultivated seaweeds as 'plants' cultivated in an open aquatic environment, and this industry is therefore excluded from national and (as a consequence of a lacking point of reference) international frameworks. The ASEAN Asian Integrated Food Security (AIFS) framework is focused on regional food security, which is exclusive to subsistence crops: rice, maize, soybean, sugar and cassava; therefore, recognition of the seaweed industry and its value to the region is limited. Although ASEAN has published a strategic action plan for cooperation on fisheries (which includes 'aquaculture' products), it is unclear whether varieties of seaweeds will be included, if at all, given that any mention of biosecurity is directed to aquatic animal health under the OIE guidelines (ASEAN 2016).
The majority of international and regional scale biosecurity frameworks (79%) for invasive species in the marine environment have been identified as legally binding by Dahlstrom et al. (2011) . A lower proportion of frameworks (42%) were found to be legally binding by ratification in this study. Top carrageenophyte-producing countries (which are also lowincome or lower-middle income countries as listed by the Development Assistance Committee) can be limited by capacity, resources and economic incentives, therefore, finding it challenging to implement and enforce national policies. For other industries, successful implementation of national policies has required both alignment of policies with the specific biosecurity challenges of the industry and the economic incentive to invest resources in regulation (Chaminade and Padilla Pérez 2014) . Science and technology policies in developing countries often imitate objectives or strategies of international frameworks, rather than addressing the specific national challenges (Chaminade and Padilla Pérez 2014) . As there is only one international policy which includes seaweed cultivation under the term 'aquatic plants', this will then limit the ability for biosecurity measures to be implemented through national legislation. In addition, as incorporation of international frameworks into national legislation is often a complex and expensive process, requiring a certain level of national capacity (Dahlstrom et al. 2011 ), many seaweedproducing nations will need financial and expert assistance in developing appropriate policies. One seaweed specific framework, although not international policy is a certification initiative by the Aquaculture Stewardship and Marine Stewardship Council, includes elements of biosecurity management. However, certification schemes are often industry focussed, and there remains uncertainty over whether there is any great demand for certified seaweed products by the industry, which is generally considered more sustainable than other sectors of the aquaculture (Porse and Rudolph 2017).
Without an international framework, which specifically includes seaweed cultivation, then the uptake of biosecurity through the trading principle of 'equivalence', whereby the receiving nation of a particular seaweed crop for planting will not want to risk trading with a nation which could risk their own national biosecurity, means that, at present, biosecurity is not financially advantageous. This is reflected by the high inclusion rate of economic risks in biosecurity frameworks, as compared with the far fewer references made to ecosystem impacts. Of the top producing countries, carrageenophytes are the third largest exported commodity from Tanzania, behind coffee and cloves (Watkiss et al. 2012) , and the largest aquaculture product in the Philippines by volume (Jonalyn P. Mateo (pers. comm.) 26/11/2019). However, when set in the international context, seaweeds comprise one of the lowest unit value sectors of global aquaculture (FAO 2018) . Although immediate economic incentives on the global scale, compared with other industries, may be causing poor engagement in the development of policies with the seaweed industry, nations abiding by animal health regulations (e.g. those of the OIE) control for disease in traded animals to protect the wild stocks of those countries from potential incoming pests. In this context, the lack of biosecurity in low-value species being internationally traded to nations, which otherwise control aquatic animal diseases, may pose significant threat to native taxa. Yet, this concept does not appear to be applied to the carrageenophyte industry. Biosecurity approaches in the frameworks also tended to focus on improving response and recovery after the spread of pests, diseases and non-natives, and improving the economic recovery of the whole sector; therefore, management measures are typically directed at traders and buyers and not the farmers, who are losing their household income (Hayashi et al. 2010; Watkiss et al. 2012) .
Insufficient evidence to develop specific policies for disease and pests
Only one-third of frameworks used scientific evidence to form the basis of their measures or guidance, which reflects the paucity of literature regarding biosecurity risks in the seaweed industry (Cottier-Cook et al. 2016 ). Most information for policy development (i.e. reporting disease outbreaks, documenting diseased crops or documenting losses due to diseases or pests) are gathered from stakeholder participation. However, there is a distinct lack of information available on which to assess the main biosecurity risks within the industry. As the information used to design biosecurity management measures in many cases is not specifically based on evidence from the seaweed industry, detection, monitoring and prevention measures are limited in their effectiveness. To develop an effective biosecurity approach on the international scale, there is a requirement for a certain amount and type of knowledge (Bondad-Reantaso et al. 2005) . For aquatic animals, this knowledge base is centred on a list of pathogens that are known to cause significant diseases in farmed stocks, have the potential to be transferred by trade in animals and products and do not exist in at least some parts of the range of those traded hosts. The OIE Aquatic Manual and Code series, updated each year, include chapters on specific pathogens, the list of susceptible host species to those agents and ways in which they can be accurately diagnosed, reported and potentially controlled (OIE 2017). Using basic categories, this information would indicate what is the affected crop (better definitions of cultivated species or strains), what the exact disease or pests of this crop are, and where the crop is being grown or traded. In many cases the genetic identity of carrageenophyte crops remains unknown and diseases are yet to be categorised. Even when diseases are known and provided with a broad identity (e.g. 'ice-ice' disease), the actual causative agent often remains unknown. In addition, the spatial distribution of cultivated species may also remain unknown. One example of this is exemplified in a national survey of the seaweed industry in the Philippines, which revealed that there were multiple, inter-changeable local names for three species of carrageenophytes being grown across the same regions (Quiaoit et al. 2018) . This is also reflected on an international scale in the FAO: 'State of the World's Fisheries and Aquaculture' (SOFIA) report (FAO 2018) , where production data in unspecified categories such as 'Seaweeds nei' and 'Algae' equated to approximately 1 million tonnes in 2016.
Limited alignment of biosecurity risks between policies
Through the analysis of themes in the frameworks, a range of different biosecurity approaches was identified and was interpreted differently, depending on the overall goals of the organisation implementing the framework. For example, the OIE tends to focus on the listing of specific diseases with associated management measures, whereas the IPPC mostly focuses on plants' pests through the Pest Risk Analysis tool but has no counterpart disease risk analysis tool. This was further reflected in the analysis of included biosecurity risks, where in the case of the CBD protocols, diseases and pests were not specifically included, but the focus was on maintaining biodiversity and reducing the impacts of non-native species through cultivation of native species. Another example was the different meanings of recovery in the case of the response recovery and planning approach. In the IPPC this is aimed at recovery from the physical impact of pests on the environment or crop loss, and for APEC, this was economic recovery after crop loss. This makes vertical integration of approaches difficult to interpret, as all organisations may agree to response and recovery planning in their biosecurity framework but may interpret and implement this differently. Alternatively, an organisation may have more than one framework for biosecurity management, where approaches do not align. For example, the AU-IBAR 10-year aquaculture plan includes pest/pathogen impacts, but the policy reform strategy for fisheries and aquaculture does not specify this impact. Therefore, even in the case where organisations have the specific goal of reducing the impact of pests or pathogens in policy frameworks, the implementation strategy may not be aligned with this goal.
Future policy recommendations
Since identifying the major challenges to biosecurity policy in the carrageenophyte industry, short-term recommendations are given to help improve the use of current biosecurity Fig. 5 Recommendations to address biosecurity challenges in the seaweed industry frameworks, and longer-term recommendations for key organisations are provided in order to improve the integration of cultivated seaweeds into the international policy landscape (Fig. 5 ).
Conclusions
International biosecurity measures are limited by the lack of clear inclusion of cultivated seaweeds-including carrageenophytes-which makes it difficult to identify the roles and responsibilities of international organisations and their frameworks. The development of effective frameworks is also dependant on the availability of evidence-based research, which for seaweed cultivation and biosecurity risks is limited. As a result, current measures in international frameworks are not specifically addressing the biosecurity challenges faced by the industry. As the seaweed industry is unique in its focal host taxonomy (neither plant nor animal), and its presence in water, it has been difficult to align to wellestablished aquatic animal health and terrestrial crop biosecurity frameworks. The recent inclusion of algal species in IPPC recommendations is an important initial step in including seaweed in global aquaculture and biosecurity discussions. These measures now need to be further developed to all cultivated seaweed species and be fully inclusive of the biosecurity challenges specific to the seaweed industry. In the future, a strong scientific evidence base of biosecurity risks and their management, together with international policy frameworks designed for or to include the global seaweed industry, will be a key step to limiting the impact of diseases and pests on an international scale. Importantly, it is crucial that the low unit value (though high overall volume) of seaweed aquaculture should not be conflated with a perceived low risk of pathogen transfer, and low impact of subsequent economic and ecological impact in receiving nations.
